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Abstract
As deuterium-tritium experiments commence on tokamaks around the world such
as TFTR and JET, the need for a diagnostic which can measure the fusion alpha particle
velocity distribution and density becomes pressing. A system which can accomplish this,
a 60 GHz gyrotron collective Thomson scattering experiment was implemented at TFTR.
Upon construction, the TFTR gyrotron apparatus did not perform reliably at the
anticipated maximum output power levels. The rf output power was found to decrease
significantly after a few shot cycles, even after a significant amount of time was spent
modifying all key parameters. In order to solve this problem, the gyrotron system was
modeled using two common gyrotron simulation codes, EFFI and EGUN. This was done
to further comprehend the complex relationship between output radiofrequency power
and the following parameters: electron gun potential difference, superconducting magnet
current and position, and electron gun coil current and position. Once the modeling was
completed, the gyrotron simulation codes were used to locate the parameter settings that
would cause the gyrotron to operate as a highly stable source of radiofrequency power.
This was then verified experimentally. Additionally, the low level broadband linewidth
was experimentally measured to ensure that the linewidth produced by the gyrotron was
less than the expected scattered signals.
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Chapter 1
Introduction
As a new millennium approaches, the human race is faced with several critical,
daunting problems resulting from the unsustainable rate at which both world population
and consumption of natural resources has been increasing. The world population is
currently projected to double by the year 2040 to ten billion people, with countries in
Asia, Africa, and Latin America continually increasing their consumption levels in the
process of industrializing. The interrelated problems of overpopulation, environmental
degradation, and natural resource depletion must be addressed in order to ensure even a
moderate quality of life for subsequent generations. Although limiting population growth
should be of primary concern, other simultaneous preventative measures need to be
undertaken to limit environmental destruction, such as the development of a long term,
sustainable energy strategy. Energy is quintessential in ensuring a high standard of living,
and more thought needs to be given to meeting the future energy needs of the world
population whilst minimizing adverse environmental impacts.
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1.1 Energy, present and future
The creation of a sustainable energy strategy based on the efficient utilization of a
variety of clean, cheap energy sources will be fundamental in both minimizing pollution,
stabilizing climate change, and improving global political stability. These new sources of
energy, such as solar, wind, and fusion, will be combined with more traditional sources,
such as fission and biomass, to augment the current fossil fuel based industry in the short
term and replace them in the long term.
Although a long term energy strategy is a worthy goal, attempting to change the
structure of the energy industry, which taken as a whole is the largest single enterprise on
the planet, will be an arduous task indeed. This is especially true considering that energy
industry has close ties to many other powerful interests, ranging from the automobile,
farming, shipping, air freight, and banking industries to governments such as those in the
OPEC cartel, which depend heavily on oil revenues.
At present, the energy policies of most industrialized nations are focused upon
developing both natural gas and coal reserves as well as obtaining cheap oil supplies from
the Persian Gulf region (where roughly two thirds of the world's proven reserves are
located). With oil prices at approximately 18 dollars a barrel (only marginally higher in
real terms than prices 35 years ago) and the presence of relative stability in the Middle
East there is little incentive to modify this policy. Not only is there little governmental or
industry support for change, but massive lobbies are in place to ensure that the concerns
of the oil, coal, and automobile industries are heard. If these lobbies are successful in
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ensuring that the status quo is maintained in the coming years, it is projected that the
world's proven reserves of oil and natural gas (which currently provide over 60% of the
world's energy) will be depleted over the next 60 and 100 years respectively at the
current rates of consumption (70 million barrels a day in the case of oil).
The previous estimate does not account for the massive increase in energy
production that will be necessary in order to meet the needs of the rapidly growing,
industrializing populations in developing countries. Nor does it include the inevitable
increase in proven reserves due to additional finds and increases in energy
productivity/conservation in developed nations. Currently, the per capita energy usage in
developing countries, in which more than three quarters of the world reside, is presently
one eighth of that in industrialized countries [UNITED NATIONS, 1992]. If this average
grows to even one quarter of the current per capita energy usage in industrialized
countries over the next thirty years, this will cause a total energy usage increase of 60
percent [FLAVIN and LENSSEN, 1994]. In a more likely scenario, it is projected that
the demand for fuel will increase by 30 percent and the demand for electricity will grow
by 265 percent (as seen in Figure 1-1) [HOAGLAND, 1995]. As it is doubtful whether
global reserves can be increased at these rates, a more rapid depletion of worldwide oil
reserves is anticipated, which in turn will lead to a massive energy deficit. It is assumed
as oil and gas prices increase due to scarcity, coal utilization will likely grow to meet the
demands of an energy-hungry world.
The world has large reserves of coal, which could satisfy energy demand for the
next two hundred or so years. Unfortunately, an increase in coal consumption would
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dramatically increase already deleteriously high pollution levels. Pollution from burning
fossil fuels affects all aspects of the environment, from human health problems to global
warming concerns.
OIl 43%
Coal 22%
Natural Gas 20%
Nuclear Fission 8%
Hydro Power 5%
Other 2%
-F-
Figure 1-1: Projected increase in world energy usage from the present to 2050.
One of the more readily noticeable effects is that of air pollution on human health. Air
pollution is of primary concern to residents of cities around the world such as Mexico
City, where concentrations of carbon monoxide, ozone, and particulates are above
minimum legal limits 334 days out of the year. This has led to severe health problems for
% WorldJ""qnergiyv
Use
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many urban inhabitants, who face an increased likelihood of experiencing lung disorders,
lead poisoning, and heart problems [SMIL, 1993].
Acid rain, oil spills, and strip mining are among the other easily identifiable
environmental consequences of pursuing a fossil fuel based energy strategy, but perhaps
the most dire consequence may be global climate change. It is currently believed that the
rapid increase of man-made "greenhouse gases" (i.e. carbon dioxide and methane)
produced by burning fossil fuels is having a noticeable effect on the climate of the planet.
This was recently validated in a report by the Intergovernmental Panel on Climate
Change (IPCC) which stated that recent temperature rises cannot be explained away by
natural climatic variations [GELBSPAN, December 1995]. If temperature increases
persist, the consequences could be as severe as the following: an increase in sea levels by
6 to 38 inches over the next 70 years, extensive desertification, and a loss of a third of
the worlds forests. This would have a tremendous effect on the state of economies
around the world, with losses expected to be in the range of tens of billions of dollars
annually [IPCC, 1990]. Thus, considering the severity of the problems caused by fossil
fuel pollution, it is predominantly environmental factors which compel the world to
develop alternative energy sources.
Clearly, with these problems looming in the not too distant future, a sustainable
energy strategy must be developed which is based on the efficient use of a variety of
clean, cheap sources of energy. In the short term, the strategy should focus on
decreasing demand by increasing the efficiency of both end-use devices (e.g. compact
fluorescent light bulbs) and generation (e.g. cogeneration). Additionally, a shift from
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more polluting fossil fuels to natural gas is needed to stabilize carbon dioxide
concentrations in the atmosphere. In the long term, the strategy should emphasize the
development of a variety of clean (carbon-free) energy sources with can be utilized in
combination, including: "old" renewables (such as hydropower), "new" renewables
(geothermal, wind power, solar thermal, and solar photovoltaics), fission, and fusion.
Hydropower plays a significant role at present, providing for 13 percent of world energy
usage. There is little prospect for expansion for old renewables as growth is restrained by
resource limitations, e.g. in the case of hydropower most suitable sites have been
developed.
"New" renewables, such as wind, solar thermal, photovoltaics, and geothermal,
have brighter prospects for future growth. In the case of wind power, the cost of
electricity from wind turbines is already competitive with that produced by coal plants,
with even lower future costs anticipated. Photovoltaics are currently prohibitively
expensive for most applications compared to conventional energy sources (approximately
25 cents per kilowatt hour), but prices have been declining significantly over the past ten
years. The chief problem with the application of these technologies is the intermittent
nature of wind and solar sources. Unless an inexpensive mechanism for storing excess
electricity generated during peak operating periods is found, these sources will be limited
to providing less than a quarter of the total electricity generated in a given system.
Geothermal, which offers a more constant source of energy, is also likely to grow rapidly
in the near future, but is limited to a relatively small number of suitable sites throughout
the world.
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Although renewables can generate a significant portion of the total world energy
needs, they must be used in combination with non-intermittent sources such as fission and
fusion reactors. Fission has a great potential, but is presently politically unpopular and
costly, as it has been plagued by safety, radioactive waste storage, and proliferation
concerns. The most promising source of reliable, clean energy is fusion, as it has the
following advantageous characteristics: it is inherently safe, it produces no harmful
emissions and only minimal radioactive waste, and the fuel supply is virtually
inexhaustible (deuterium can be extracted from ordinary water). During the course of the
past forty years, a highly successful international research effort has been attempting to
develop nuclear fusion as a competitive energy source. A great deal of capital has been
spent to this end and although a tremendous amount of progress has been made, a viable
commercial fusion power plant is still far on the horizon.
1.2 Fusion
Fusion occurs when the nuclei of two light elements, such as deuterium and
tritium, are combined in an extremely high temperature, high pressure environment. As
seen in Figure 1-2, the fusion process yields a great deal of excess energy in the form of
byproducts, such as a helium nucleus and a neutron in the case of deuterium-tritium
fusion.
It is this excess energy which enticed early researchers to design a multitude of
different plasma device configurations in the attempt to both heat and confine the ionized
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hydrogen gas such that the density of particles times the confinement time is greater than
1014 seconds per cubic centimeter. As a result of this highly successful research effort it is
currently believed that the tokamak concept (Figure 1-3), which confines the plasma
magnetically using external toroidal magnets, is the design most capable of creating the
density and temperature conditions necessary to sustain the fusion process.
0-Au
AMp
Pmu-.
R.N
ENERGY MILLTIPtICATION
Ab*W 4501i
Figure 1-2: The deuterium-tritium fusion reaction.
Due to steady advances in both engineering technology and tokamak physics it is
now believed that a tokamak can be built which can sustain a stable fusing plasma for up
to a thousand seconds. A tokamak which can accomplish this, the International
Thermonuclear Experimental Reactor (ITER), is currently being designed by an
international team and may possibly be constructed sometime in the next century
[FURTH, September 1995].
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Figure 1-3: View inside a tokamak (the TFTR vacuum vessel).
Although a machine such as ITER can be designed at the present, there are still
many aspects which must be investigated further before a commercial reactor can be
constructed, one of the primary of which is the behavior of the alpha particles which are
produced in the D-T fusion reaction:
D+ T -+ a(3.5 Mev)+ n(14.1 Mev). (1.1)
It can be seen from this reaction that eighty percent of the energy created is carried away
by the neutrons, which escape the plasma and deposit their energy in the surrounding
blanket. In order for the fusion reaction to be sustained, the alpha particle energy, the
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other twenty percent, must be confined in the plasma. At present, information about key
alpha particle parameters, such as the localized velocity distribution and density, is
difficult if not impossible to obtain.
1.3 Determining alpha particle parameters
As deuterium-tritium campaigns begin in tokamaks around the world, the need for
a diagnostic which can determine key alpha particle parameters in high temperature, high
density plasmas becomes pressing. This information will provide great insight into the
interaction between the energetic alpha particles and the plasma, which in turn will allow
the optimization of their confinement. Several different techniques for measuring alpha
particle parameters have been developed, most of which are based on either a particle
interaction (charge exchange) or on the detection of electromagnetic waves produced
either by the plasma itself (ion cyclotron emission) or by an external source (collective
Thomson scattering). While these diagnostics all have favorable characteristics, collective
Thomson scattering is in theory the best candidate for determining the alpha particle
velocity distribution in high density plasmas.
1.4 Collective Thomson scattering
Collective Thomson scattering was first experimentally observed in 1958 by
BOWLES, who was attempting to measure electron temperatures in the ionosphere using
radar scattering but unexpectedly came up with ion temperature measurments. The early
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theory which explained this phenomenon was developed by SALPETER in 1960, who
showed that the ion dynamics dominate the electron density fluctuations in a certain
electromagnetic scattering regime. Since this time, collective Thomson scattering has
been successfully utilized in many different fusion diagnostic applications including:
turbulent density fluctuation measurements [MAZZUCATO, 1976], bulk ion temperature
measurements [HOLZHAUER, 1977], [WOSKOBOINIKOW et al., 1983], impurity ion
measurements [KASPAREK and HOLZHAUER, 1983], and proposed for magnetic field
measurements [WOSKOV and RHEE, 1992] and fast ion measurements
[WOSKOBOINIKOW, 1986].
In collective Thomson scattering, incoming electromagnetic radiation is frequency
Doppler shifted by the correlated thermal fluctuations of a Debye cloud of free (unbound)
electrons surrounding the energetic ions in the plasma [HUTCHINSON, 1987],
[SHEFFIELD, 1975]. Because the electron clouds follow the motion of the ions, the
Doppler shift of the electrons provides information about the velocity distribution of the
ions. The frequency of the incident radiation must satisfy the following relation in order
to be in the collective (or coherent) scattering regime:
1
= > 1.0 . (1.2)
XkVD
Here cc is defined as the Salpeter parameter, and k is the fluctuating wave number:
04tnn sinr -
Ikl=lko0-kI A 02 (1.3)
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where ko and k! are the incident and scattered wavevectors, n, is the refractive index, 0 is
the scattering angle, and Xo is the wavelength of the source. In Equation 1.2, XD is the
electron Debye length:
D' = , (1.4)
q 2
where q is the charge on the electron, s0o the permittivity constant, T. the electron
temperature (in Joules), and n0 the electron density. The Salpeter parameter must be
greater than one to ensure that the electric fields produced by the various individual
electrons form a coherent sum. The scattered radiation will thus be sensitive only to the
ion motion, not the motion of the individual electrons. It should be noted that the
scattered signal produced directly by the ions is minimal as the charged particle's
scattering cross section is inversely proportional to the square of the particle's mass. This
type of scattering can be considered as being caused by the fluctuations in the dielectric
properties of the plasma, which are in turn a result of several factors, including electron
density fluctuations caused by waves and turbulence. By analyzing the signal spectrum of
the scattered wave in a scattering regime where alpha particle fluctuations dominate, the
key alpha particle parameters can be determined.
In an illustrative collective Thomson scattering diagnostic using a millimeter-wave
source, see Figure 1-4, the source beam (ko, o.) is transmitted through a waveguide
system and enters the tokamak where it is scattered by the plasma. A certain portion of
the signal (k, co,) from the scattering region enters the receiver waveguide located at an
angle 0 from the incident beam outside the plasma. The scattered wave is then
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transmitted to the receiver system, where it is mixed with the signal from the gyrotron
pickoff.
Figure 1-4: Scattering geometry for a collective Thomson scattering diagnostic.
The spectrum of the scattered power measured by the receiver can be obtained
approximately by using the following equation:
Ps = Lo nrLdQFS(k, ),
2;r
where variables in equation (1.5) are:
Ps: Scattered power.
Po: Gyrotron power in Watts.
(1.5)
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n,: Average electron density in the scattering volume.
r.: Classical electron radius (2.8x10-13 cm).
L: Length along which the transmitted beam intersecting the receiver beam.
dff: Differential steradian angle of acceptance of receiver antenna.
F: Geometric form factor. Describes coupling of incident mode to scattered mode
(takes into account polarization effect of scattered electric field).
S(k,co): Spectral density of electron density fluctuations (spectral density function).
The spectral density function represents all the information on the plasma ion
velocity distribution and composition, which can be written as:
S(k,wco)= S,(k,co)+ Si (k,co), (1.6)
where S,(k, o) is the thermal fluctuation spectrum of solely the electrons and Si(k,co) is
the component due to the ions contributing to the electron fluctuations.
After the scattered power is mixed with the gyrotron pickoff signal in the
homodyne receiver system, the resulting mixer output is the Doppler shifted fluctuation
spectrum. The theoretical spectrum for a TFTR plasma utilizing a 1kW, 60 GHz
gyrotron source and X-mode plasma propagation can be seen in Figure 1-5. The
spectrum for the TFTR collective Thomson scattering system is different from the typical
spectrum as a result of the attempt to utilize a scattering resonance present when the
fluctuations' wave vectors and frequencies are near to weakly damped plasma waves (the
lower hybrid frequency). The lower hybrid resonance corresponds roughly the ion
plasma frequency when scattering is perpendicular to the magnetic field. By taking
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advantage of the lower hybrid resonance, requirements on scattering source power level
can be reduced significantly while still attaining good signal-to-noise ratios. In examining
Figure 1-5 it can be noted that the lower frequency portion is the bulk ion feature, the
deuterium and tritium ions in the plasma. At higher frequencies, the large Doppler shifted
energetic ion features can be observed, with the alpha particle feature extending out to
approximately 700 MHz, corresponding to 3.5 MeV.
Although collective Thomson scattering can be considered an optimum diagnostic
for measuring the alpha particle energy distribution function, it is not a trivial task. One
problem lies in finding a suitable source of electromagnetic radiation. Due to the
difficulty of gaining access to high density regions of plasmas and the necessity of high
power (due to the very small scattering cross section) only a very few sources are
currently available [SAITO et. al.,1985].
Laser sources at 10pm (CO 2 laser) and far infrared (100-400 tm) wavelengths
have proven themselves as reliable sources of electromagnetic radiation, but require small
scattering angles (<100). In the case of far infrared wavelengths, the average power
capability is comparatively low. Free electron lasers could also serve as a source in the
future if the technology advances sufficiently.
The other presently available source is the high power millimeter wave gyrotron,
which is also reliable and can be used for large-angle scattering (up to 1800). The fact
that the gyrotron can be used for large-angle scattering gives it the following advantages
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over the laser sources: better tokamak access, improved spatial resolution, and greater
stray light rejection.
TFTR Alpha Particle Scattering Frequency Spectrum
0.01
00001
02 04 06
Frequency (GHz)
Figure 1-5: Theoretical TFTR alpha particle scattering frequency spectrum.
The gyrotron also has the following beneficial qualities: the ability to deliver high average
power over a long pulse length (thus improving signal to noise ratios), a high efficiency,
narrow spectrum width, high frequency stability, and high purity of output radiation
mode. Although the gyrotron system has these advantages, the use of long wavelengths
introduces the problems of plasma background emissions, such as electron cyclotron
0
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C
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C-0
0~
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emission (ECE), and beam refraction. At the present, two gyrotron collective Thomson
scattering systems have produced preliminary data in D-T burning tokamaks, one at
TFTR and the other at JET. Additionally, a system is being considered for possible
implementation on the ITER machine.
1.5 Gyrotron performance
The gyrotron system constructed for TFTR was designed to operate at a
frequency of 60 GHz in the TE 02 mode. It was expected to produce rf power at levels
ranging from 0.1-2.0 kW for pulse lengths of up to 500 msec. It should be noted that the
power levels produced by this gyrotron are low compared to other collective Thomson
scattering systems. This was the case as the gyrotron was designed to operate at lower
power levels with a high Q resonator and a small power supply in order to keep the
experiment within budgetary constraints. As the power available was not optimal, the
pulse length needed to be fairly long in order to maximize the signal to noise ratio for the
plasma scattering measurements. Although the power was low, the utilization of the
lower hybrid scattering resonance allowed a decrease in the minimum power needed to
measure the alpha particle ion feature. This is due to an increase in scattering cross
section caused by the interaction between the alpha particles and waves in the lower
hybrid frequency region. The minimum power level needed was theoretically calculated
to be 0.1 kW in order to provide a sufficient signal-to-noise ratio to detect the presence
of alpha particles.
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Upon construction, the TFTR gyrotron apparatus did not perform reliably at the
anticipated maximum output power levels. The rf output power was found to decrease
significantly after a few shot cycles, even after a significant amount of time was spent
modifying all key parameters. Additionally, the gyrotron experienced the problems of
producing modes different from the required TE02 and generating a substantial body
current as the pulse length was stretched out to 500 msec. The inadequate maximum
power level and the moding of the gyrotron were substantial problems, and complicated
the experimental measurements.
After numerous experimental attempts at improving the maximum output power
performance were made, it was decided that a more thorough computational analysis of
the low power gyrotron was needed. It was originally believed that the primary problem
with the gyrotron apparatus was the interaction of the electron beam with the wall of the
gyrotron tube somewhere along its path from the cathode to the resonator cavity. As
visual access to the gyrotron tube was restricted, gyrotron simulation codes were run to
determine whether or not the electron beam was hitting the gyrotron tube wall.
Additionally, it was necessary to further understand the intricacies of the relation between
output rf power and the following parameters: electron gun potential difference,
superconducting magnet current and position, and electron gun magnet current and
position.
The following two chapters will detail the TFTR gyrotron collective Thomson
scattering apparatus components and explain the fundamentals of gyrotron theory in
order to form a base of knowledge which can be used to attack this type of problem. In
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Chapter Four, the gyrotron modeling codes, EFFI and EGUN, will be presented along
with the results of attempting to optimize gyrotron parameters. In Chapter Five, a survey
of the effects of optimization on the line width was completed, with the goal of
determining if the gyrotron low-level broadband linewidth was less than the expected
scattered signal. This was essential in determining if the gyrotron was suitable for an
alpha particle measurement. In the last chapter, a summary of the results obtained will be
presented along with suggestions for further study.
Chapter 2
TFTR Gyrotron System
A low power 60 GHz gyrotron system has been designed and implemented on the
Tokamak Fusion Test Reactor (TFTR) in order to conduct an alpha particle collective
Thomson scattering experiment during the D-T phase of the machine. The main
components of the system, which can be seen in Figure 2-1, include: the gyrotron system
(a modulated 60 GHz source which can produce 0.1-2.0 kW of power in the TE 02 mode
for pulse lengths up to 500 msec), a transmission system (composed of efficient HE,
corrugated waveguide, Mitre bends, mode converters, Gaussian launching and receiving
antennas for launching in X-mode, and high-power vacuum windows of the TFTR
Microwave Scattering system), and the receiver (notch filter, synchronous homodyne
receiver, filter bank, data acquisition system, and spectrum analyzer). Additionally, the
noise temperature of the receiver will be discussed as well as the signal-to-noise
characteristics of the system.
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Figure 2-1: Schematic diagram of the alpha particle collective Thomson scattering
diagnostic at TFTR.
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2.1 TFTR 60 GHz gyrotron
The TFTR gyrotron system was designed to produce a stable, highly efficient
beam of rf power with high purity of output radiation mode and narrow spectrum width.
The primary components of the gyrotron system, see Figure 2-2, include: an electron
gun, a magnet system, a beam tunnel, a resonator cavity, a collector, and a quartz output
window. Additionally, there were two more minor systems, the first of which was the
high voltage system, which consisted of a Spellman power supply, a controller, and a high
voltage resistive divider. The resistive divider was set up such that the cathode-mod-
anode potential could be changed to three different settings. The other subsystem was
the vacuum system, which consisted of two 20 L/sec Vacion pumps. These pumps could
keep the system pressure in the low 10' torr region when not firing the gyrotron.
x
To 20 L/sec
Vacion Pum-
Figure 2-2: TFTR 60 GHz gyrotron components.
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2.1.1 Electron Gun
The electron gun used at TFTR, manufactured by Varian [FELCH, 1987] (model
number VUW-8140B) was designed to operate at 140 GHz in the TE 031 mode. The
electron gun is composed of three primary components, as can be seen in Figure 2-3: the
cathode emitter strip, the mod-anode, and the ground anode.
Cathode Mod-Anode Boundary
I
Figure 2-3: Electron gun schematic.
As explained in greater detail in the following chapter, the potential difference between
the mod-anode and the cathode strips electrons off of the cathode emitter strip. A typical
setting for the cathode voltage is -39.5 kV where the mod-anode is at -28.7 kV and the
other anode is grounded. The electrons then follow the magnetic field lines produced by
the magnet system and are accelerated by the ground anode, which is at zero potential.
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2.1.2 Magnet system
The purpose of the magnet system is to guide the electrons (which are trapped on
the field lines) into the resonator cavity. The magnet system is composed of a gun coil
magnet as well as a superconducting magnet. The gun magnet serves to augment the
superconducting magnet in the electron gun region and is typically placed over the
cathode area. The solenoidal gun coil magnet was manufactured by Magnet Coil Corp.
(model GC2A). The gun magnet was constructed of copper (190 turns) with a liquid
cooling system, giving it a maximum current limit of 250 Amps (maximum field 2000 G).
A typical setting for the gun magnet was 200 Amps.
The NiSn superconducting magnet, contributed the majority of the magnetic field
present in the system. The magnet was manufactured by American Magnetics, Inc.
(AMI), and was designed to operate at a peak field level of 65 kG. The magnet is
composed of two separate solenoidal coils, each with 66 layers and 10950 turns. The
magnet current typically used was 31.2 Amps, which corresponds to a field in the center
of the magnet bore of roughly 20 kG.
2.1.3 Beam tunnel
The beam tunnel served to further guide the electron beam as the magnetic field
gradient compressed it such that it had the proper diameter to enter into the resonator
cavity. The beam tunnel was composed of alternating copper and silicon carbide disks
which decreased in inner diameter along the length of the beam tunnel.
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2.1.4 Resonator cavity
With the electron beam compressed to the proper diameter, it enters the TE02
resonator cavity. The cavity, which can be seen in Figure 3-1, consists of a straight
cylindrical section in the middle with a linear uptaper on one end and downtaper on the
other end. The uptaper angle is 20 and the downtaper angle is 20. The dimensions of the
cavity are 6.0" in length and an average inner diameter of 0.5". The total Q value (see
Chapter Three) of the resonator cavity was designed to be 6900. The resonator was
machined out of a piece of oxygen free high-purity copper, which eliminated the
possibility that impurities could degenerate the Q value. In order to reduce the heat due
to wall loading, a copper water cooling jacket was brazed onto the resonator cavity.
2.1.5 Collector
After the electrons passed through the resonator, transferring a large fraction of
their energy to the resonant rf field, they pass through a section of waveguide and are
deposited on the collector. The collector was surrounded by a water cooled jacket and
the current at the collector was monitored.
2.1.5 Quartz window
The resulting rf power produced by the gyrotron was transmitted through a highly
efficient quartz window having a thickness that cancels reflective losses and into the
waveguide system.
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2.2 Transmission system
The transmission system for the 60 GHz gyrotron was designed to be a very low
loss system in order to retain high power levels. As can be seen in Figure 2-1, the rf
power produced by the gyrotron first enters several mode converters, where the mode of
the radiation is changed from TE02 to HER, which has a Gaussian profile when launched.
Once the radiation has been mode converted, it passes through a Teflon beamsplitter,
where a small portion (-24 dB) of the signal is directed towards the L.O. port of the
receiver (provides bias for the homodyne receiver). The majority of the beam passes
through the chopper, where modulation is introduced. The next component is a grooved
mirror, which can be used to adjust the polarization direction of the beam for X-mode
propagation. The polarized beam then is bent by a Mitre bend and transmitted along a
section of efficient 2.5" overmoded corrugated waveguide. The corrugation in the
waveguide serves to propagate the HEn and attenuate any unwanted modes. After a
fairly long section of waveguide and several Mitre bends, the beam enters a steerable (in
both the poloidal and toriodal directions) Gaussian antenna. The steerable Gaussian
antennas are part of the existing TFTR extended interaction oscillator (EIO) microwave
scattering diagnostic which operates at 60 GHz. The transmitted beam is then directed to
an existing carbon diffuser tile, which scatters the stray light toroidally. This decreases
the amount of stray light in the poloidal plane of scattering.
After the radiation is scattered by the plasma it enters another steerable Gaussian
antenna and is transmitted using a corrugated waveguide of 1.25" diameter to the
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receiver system. The overall waveguide loss is estimated to be 7 dB, most of which is
contributed by the antenna system.
2.3 Receiver system
The receiver system for the 60 GHz collective Thomson scattering system, see
Figure 2-4, is a homodyne synchronous detector system, which has the capability of being
configured into a heterodyne mode at a later time if needed.
The first component in the receiver is a Millitech FNP-15 band pass filter. The
band pass filter serves to reject the signal outside of its band edges below 57.4 and above
62.6 GHz. It offers 33 dB of rejection at 56 GHz and 17 dB rejection at 64 GHz. The
insertion loss in the pass band of this filter is 0.7 dB.
The next component is the notch filter, which as its name suggests, has a high
rejection capability (60 dB) in a narrow frequency region near 60 GHz. It is necessary to
strongly attenuate this band as the amount of stray radiation in this frequency range
would cause the next component in the scattering system, the mixer, to be saturated.
The notch filter was manufactured by the Gamma-f corporation and had 60dB band stop
edges between 60.3 and 60.4 GHz. The insertion loss of the notch filter is approximately
.5 dB.
The next component is a 60 GHz mixer, which "mixes" the signal with the signal
produced by the local oscillator (in this case the signal from the gyrotron pick-off).
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Filters
IF Bandpass
Filter
Aydin
Amplifier
8.1 GHz
Notch Filter
Figure 2-4: TFTR alpha particle scattering homodyne receiver.
The mixer is a nonlinear device which produces an output (in the form of instantaneous
photo current) that is proportional to the square of the incident field strength
[BINDSLEV, 1992]. The resulting current produced by the mixer is composed of three
elements; that due to the signal only (iss), that due to the local oscillator only (ill), and that
due to the product of the signal and the local oscillator (i8 ). The signal of interest is id,
which is at the beat frequency between the signal and the local oscillator. The mixer used
for this application was a Millitech MXP-15, which had an rf bandwidth of 52-64 GHz.
The optimal L.O. input frequency was 52-56 GHz, with an input power level of +13
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dBm. The conversion loss from rf to the intermediate frequency (IF) is 8 dB. The
resulting output signal produced by the mixer can be in the range of 100 MHz to 8 GHz.
The signal is then amplified by two Miteq amplifiers (AFS44-00100800-30-10-44)
which have a 3 dB bandwidth from 0.1 to 8 GHz. The gain in this region is 60 dB. The
output power at IdB gain compression is +15.5 to +19.8 dBm across the band and the
maximum noise figure is +2.37 to +3.0 dB.
The amplified signal then passes through a Merrimac PDM-45R-9-2G four way
power splitter. The frequency range of the power splitter is 0.5 to 18 GHz. The first
branch of the power splitter is terminated and the second branch went to the Hewlett-
Packard HP-141T spectrum analyzer. The spectrum analyzer, which can detect
frequencies from DC to 1.2 GHz, was used to look at the pre-detection data for alpha
instabilities. The third brand went to the LeCroy 8828 200 Megasample/second fast
transient digitizer. This was used to look at fine structure of the signal, in the frequency
range less than 100 MHz. The fourth branch went to the input of another mixer.
This additional mixer, a Miteq M21, was used to upshift the IF frequency such
that it could be detected by the filter bank electronics. The input frequency of the mixer
had to be between DC to 2.6 GHz. The L.O. frequency was 8.1 GHz, with a power level
of greater than +3 dBm. The input frequency is DC to 2.6 GHz, with an output
frequency in the range between 8.1 to 10.7 GHz. The IF to IF conversion loss is 5.5 to
4.5 dB across the band.
The 8.1 GHz oscillator used to provide a L.O. input to the mixer was
manufactured by EMF systems Inc. It was designed to provide a maximum power output
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level of +13 dB, with a frequency stability of ± 0.5 MHz. The frequency of the local
oscillator could be mechanically tuned to ± 10 Mhz.
After the IF mixer, the signal passes through an IF band pass filter (manufactured
by Microwave Development Laboratories Inc.) which has a 3dB passband from 8.15 GHz
to 10.650 GHz. The rejection at 7 GHz is 36.5 dB and at 11.8 GHz it is 34 dB.
The next component is an 8.1 GHz notch filter, produced by K&L Microwave,
Inc., which has a 63.8 dB stopband rejection at 8.1 GHz. The 3 dB bandwidth is ± 35
MHz around 8.1 GHz.
The signal out of the notch filter is amplified using an Aydin Corporation
amplifier, which has a frequency range of 8.1 to 10.7 GHz. The gain is roughly 33 dB
across this band, and the output power ranges from 27.5 to 28.4 dB at 1dB compression
point. The noise figure is quoted to be 1.15 to 1.5 dB.
The signal then enters the filter bank and is separated into 80 MHz channels from
8.12 to 10.68 GHz. The total receiver bandwidth is 2.56 GHz. At the output of each of
the 32 channels in the filter bank there is a Hewlett-Packard detector diode and a D.C.
video amplifier manufactured by Perry amplifier. The bandwidth of the amplifier is DC-
2MHz, with a maximum output voltage of +± 5 volts into 50 Ohms. The gain bandwidth
adjustment is 30 dB to 50 dB and the noise density is 1 nanovolt divided by square root
of hertz.
The signal out of the filter bank is sent to the integrator electronics, which served
to integrate over 250 microsecond portions of the chopper signal. The integrators only
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integrate over the portions of the signal where the chopper was either completely open or
completely closed. There were three outputs to three different digitizers, the first of
which was the fast TRD 3232, which had a 2 kHz digitizing rate. The purpose of the
TRD 3232 was to calculate the voltage difference between the time the chopper is closed
and the chopper is open, as it is desired to eliminate the effects of electron cyclotron
emission (ECE). To do this, a value is taken both before and after the ECE, and then the
former is subtracted from the latter.
The next integrator was the slow TRD 3232 digitizer (1 kHz digitizing rate),
which integrates up for 250 microseconds for the signal plus ECE, then holds it until only
the ECE signal is present. It then integrates down for one period.
The last output of the integrator went to two LeCroy 6810s, which had digitizing
rates up to 5 MHz. The digitizing rate that was used was 50 kHz. The 6810s were used
to monitor up to eight separate channels. Two channels were used to monitor the
digitizer timing, and one channel was used to monitor the stray light. The other five
channels monitored the first five channels of the filterbank.
2.4 Receiver noise temperature
The receiver noise temperature is defined by the following equation:
TC = VLN(TCH - TLN) - 7 7 oK, (2.1)
RC (VCH - VLN)(21
where VLN is the voltage recorded when the receiver is exposed to the liquid nitrogen
source, VcH is the voltage recorded when the receiver is looking at the chopper blade,
TLN is the temperature of liquid nitrogen, and Tcn is the chopper temperature.
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The noise temperature of the receiver was experimentally determined using a
liquid nitrogen source and the receiver configuration shown in Figure 5-1. The quantity
VCH -VLN was obtained directly from the output of the digitizer electronics for each of the
receiver channels.
Channel Noise Channel Noise Channel Noise Channel Noise
Temp. Temp Temp. Temp.
oK oK  oK  oK
1 7170 6 6045 11 5512 16 5744
2 6523 7 5479 12 5891 17 5785
3 5984 8 4511 13 5151 18 5403
4 6249 9 5255 14 5107 19 5190
5 6283 10 5200 15 5365 20 4453
Table 2-1: Noise temperatures for individual receiver channels.
2.5 Signal to noise ratio
The signal to noise ratio for Thomson scattering can be obtained by using
common digital techniques applied to a broadband Gaussian signal. The post-integration
signal to noise ratio is defined as the ratio of the expectation value of the signal E{P} to
the standard deviation of the estimate of the signal o{P}, or:
S _ E{Ps} (2.2)
N oa{P,}
The standard deviation of the estimate of the signal can be obtained upon analyzing the
variance of the sampled power estimate. In this particular case, the gyrotron power is
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being modulated by a 1 kHz chopper such that an accurate average scattered power can
be determined and power drifts can be averaged out. Due to the presence of the chopper,
the variance will have two components. The first component corresponds to the time
when the gyrotron power is passing through the plasma and the second corresponds to
the time when the gyrotron power is being blocked by the chopper blade. The variance of
the sampled power estimate will thus have a component due to the signal plus the noise
and a component due solely to the noise, or:
a2+2P -n+-2 Pn } (2.3)
The variance can be determined by examining the following relation between the
expectation value and the variance of a X2 distribution,
2[E{P, }]2v== 2{ps}(2.4)
where v is the degrees-of-freedom. The degrees-of-freedom is in turn related to the
sampling period r and the bandwidth of the sampling channel B [WATTERSON et al.,
1981]:
v = 2(Bt + 1) (2.5)
The expectation value of the scattered signal, E{P}, can be approximated as the average
power, P, of the signal. Thus, an equation can now be found relating the variance of the
sampled power estimate for a single pulse cycle to the average scattered power, the
sampling period, and the bandwidth of the sampling channel:
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((p)21ps}= +p)2 (2.6)
Bt-+c +1 B-r + 1
Assuming that 'T. =t =T' and defining 11 = 2 T'/T (where T is the integration time) the
signal to noise ratio will therefore be [CUMMVINGS, 1970]:
S = _ P_ +  ( BT+ 1  (2.7)
N + pnY)2± nj) 2  2
This equation can be simplified if the product of the bandwidth and the sampling time is
much greater than one and the average scattered power P. is much less than the estimated
average noise Pn. The resulting equation is the following:
SI = BT(2.8)
N P
For this particular receiver system, see Figure 5-1, the values of the average scattered
power as estimated for the alpha feature in TFTR with a 1 kW gyrotron, the sampling
period, and the bandwidth of the sampling channel are:
P, 26 0P- 260 
-. 02534
Pn 10260
T = .250 msec
B = 80 MHz * 2 (homodyne receiver)
Thus, the diagnostic has a theoretical signal to noise ratio of 5.1.
Thus,, the diagnostic has a theoretical signal to noise ratio of 5. 1.
Chapter 3
Gyrotron Theory
In this chapter, the operating principles of the gyrotron will be discussed, with the
goal of providing a basis upon which to comprehend and analyze the modeling results
presented in Chapter Four. The role of the different components in the gyrotron system
(the electron gun and resonator cavity) will be discussed as well as the physics of the rf
emission mechanism. Additionally, several key gyrotron design and operating factors will
be analyzed in order to understand the model presented in the following chapter,
including: the cavity Q factor, the velocity spread of the electron beam, the magnetic
compression factor, and alpha, the ratio of the transverse to longitudinal velocity.
3.1 Background
A large amount of research has been done in the past two decades in the attempt
to develop the gyrotron as a high average power source of high-frequency radiation
[HIRSHFIELD, 1979]. Gyrotron technology has advanced significantly over this time
towards meeting the goals of providing both a reliable and highly efficient source of
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high-power millimeter wave radiation. In addition to these capabilities, modern gyrotrons
have the unique advantages of stable long pulse/continuous operation, good spatial mode
quality, and a narrow linewidth. Gyrotron systems have proven useful where
conventional sources of microwave radiation (i.e. optically pumped molecular gas lasers,
extended interaction oscillators (EIOS's), and backward wave oscillators (BWO's)) have
not been adequate. This is demonstrated by the number of different applications in which
they can be found, some of which include: electron cyclotron resonance heating (ECRH)
of fusion plasmas, high resolution radar, high directivity millimeter wave communications
[BHANJI, HOPPE, and CORMIER, 1985], and plasma scattering diagnostics (including
measuring the localized ion temperature, effective Z, current density, alpha particles,
instabilities, plasma waves, turbulence, and D/T fuel ratios) [WOSKOBOINIKOW,
1986], [TERUMICHI et al., 1984].
Figure 3-1: Electron gun, beam tunnel, and resonator schematic.
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The gyrotron concept, which was originally a type of single cavity oscillator
which operated at near cutoff, was developed by A.V. GAPONOV in 1965. Modem
gyrotrons are quite similar, in that they are microwave vacuum tubes which produce a
radio frequency signal based on the coupling between an electron beam and a dc magnetic
field. The primary components of the gyrotron, which can be seen in Figure 3-1, are the
following: an electron gun, the resonator cavity, and an output collector/waveguide.
3.2 The electron gun
The electron gun is composed primarily of a cathode emitter strip, a ground
anode, and a mod-anode. The potential difference between the cathode emitter strip and
the mod-anode of the electron gun produces an intense beam of electrons with a fairly
small velocity dispersion. The emitter current density is defined as:
Jk IRlk (3.1)
2rc
where I is the total current, Rk is the cathode radius, and Ik is the length of the emitter
strip. The perpendicular electric field near the cathode is given by the following relation:
VElk =  V,(3.2)
Rk lnF(R-k + d)]' (3.2)RkI[ Rk
where Rk is the radius of the cathode, d is the distance between the cathode and mod-
anode, and Vi is the potential difference between the cathode and the mod-anode.
The beam of electrons emitted radially from the cathode is bent towards the cavity
by the magnetic fields produced in the axial direction by both the superconducting magnet
CHAPTER 3. Gyrotron Theory
and the electron gun magnet (Figure 3-2). The electrons in the beam have both the
parallel and perpendicular velocity components necessary for gyro-motion, as can be seen
from Figure 3-2. If the electron trajectories are considered adiabatic, then parallel
velocity of the electrons in the resonator will be:
32 = (1- -2  2 1/2, (3.3)
where f3, is the perpendicular electron velocity given by:
I= Fm1 2P2k (3.4)
Here P3ik is the perpendicular velocity at the cathode, and Fm is the magnetic compression
factor:
Fm = B0  (3.5)Bk
where Bo is the axial magnetic field and Bk is field at the cathode.
It should be noted that the magnetic compression factor can be used to calculate
the beam radius (Re) given the radius at the cathode according to:
Rk = Fm/ 2R , (3.6)
As the electrons are accelerated towards the resonator cavity by the electrostatic field
produced by the ground anode, the perpendicular velocity component adiabatically
increases with the increase in magnetic field according to the following relation:
p32 / Bo = const.. (3.7)1±
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Motion of the electron beam within the electron gun.
3.3 The resonator cavity
After the electrons leave the electron gun section of the gyrotron, they enter a
beam tunnel and are compressed in beam radius by propagating up the magnetic field
gradient to the resonator cavity entrance. Once the electrons enter into the resonator
cavity, they interact with the static magnetic field in the rf cavity produced by the
superconducting magnet. This interaction causes the electrons to gyrate at a frequency
that is slightly different from the resonant frequency of the cavity. As a result, the
electrons are "bunched" in phase space by a weakly relativistic effect which is due to the
microwave angular velocity modulation produced by the microwave electric fields in the
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cavity. This can be better understood by examining a single electron's motion as it
progresses around a gyro-orbit, see Figure 3-3. If the electron is rotating such that it is in
phase with the microwave electric field, at positions one and three, an electron is subject
to the same polarity of tangential acceleration, which will decrease its angular velocity.
This is the case as the phase of the electric field reverses in the time it takes the electron
to travel from position one to three. At positions two and four, the electron is subject to
only a small radial E-field component which can be neglected.
Uniform
Transverse
Electric
Field
Figure 3-3: Electron at different positions around a circular orbit.
If the electron is out of phase with the field, the modulating microwave electric field
serves to either increase or decrease it's angular velocity such that it will be in phase with
the other electrons. Thus, the modulation removes energy from a portion of the electrons
whilst giving additional energy to the others.
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As the electron beam progresses further in the cavity, the phase difference
between the electrons (which have been bunched in angle) and the microwave electric
fields is such that the electron beam transfers a significant amount of its transverse energy
to the properly phased microwave field. Thus, once cavity losses are overcome,
oscillations occur and there is net output of rf radiation. The coherent radiation that is
produced at the end of the resonator cavity has the following frequency,
o = no c + k+u. (3.8)
Here n is the harmonic number, k, is the parallel wave vector, u the parallel electron
velocity, and where oc is the cyclotron frequency:
pc =eB / ym o, (3.9)
where B is the axial magnetic field, e is the electron charge, m. the electron rest mass,
and y is the relativistic mass factor. The knu term in equation (3.8) can be neglected in
this equation if operation is near cutoff (k~u << nc0 ), which is the case for nearly all
gyrotrons. Thus, the output frequency is approximately linearly related to the dc
magnetic field. Although the output frequency depends on the magnetic field, it is
variable over the half-power bandwidth of the resonator cavity. This is controlled by the
cavity Q, which will be discussed in a later section. In order to understand the frequency
dependence on resonator cavity parameters, a greater understanding of the interaction
between the rf cavity fields and the electron beam must be developed.
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3.4 Electron beam-rf cavity field interaction
The general theory for describing the gyrotron is a combination of the Maxwell
equations for the rf cavity and the Vlasov equation for the electron distribution function.
The resonator cavity was designed using a relatively simple analytic model based on the
work done by VLASOV et al. (1969), GOL'DENBERG and PETELIN (1973), and
GAPONOV et al. (1975). According to this model, if the resonator cavity is presumed to
be a right circular cylinder (not exactly true in this case, as the cavity has a 2' uptaper)
that supports TE,,,p, modes, then each mode can be characterized by a transverse index
(vp,,,), which is the pth zero of the Bessel function Jm (y) = 0. If the gyrotron is operating
near cutoff (which is the case) and the cavity length is greater than the wavelength (which
is also true), then the output frequency is related to the transverse index by the following
relation:
v mp c (3.10)
RO
where Ro is the radius of the cavity.
In order for the gyrotron to produce rf emission, the radius of the beam must
equal one of the maximums in the transverse rf field distribution, or
Re- Rov1 for 1•r_<p, (3.11)
Vop
where R~ is the beam radius, q = 1 (to achieve high efficiency while maintaining single
mode operation), and m = 0 (optimum for low mode operation when (o=0o).
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3.5 Determining key parameters
There are several key parameters which will be used to assess the performance of
the gyrotron, including the Q factor, the velocity spread of the electron beam, and the
magnetic compression factor, and alpha (ratio of transverse to longitudinal velocity).
3.5.1 The Q factor
The total Q factor is given by:
1 1 11 - 1- , (3.12)
QT QD QOHM
where QD is the diffractive Q, and Qofm is the ohmic Q. The ohmic Q is given by:
Rov0E +(7t/2) 2r 2Qo = •+ /)r 3 , (3.13)QoH 5V2 + (7c / 2)2 r 3
where 5 is the skin depth of the cavity metal and r = 2Ro/L. The diffractive Q is given by:
QD =  71RR 2 ) (3.14)S2(1- RR,I)'
where R, and R2 are the electric field reflection amplitude coefficients at the ends of the
cavity.
The TFTR gyrotron was designed to operate with a total Q factor of 6900. This is
much higher than most conventional gyrotron cavities designed for plasma heating, which
have Q values in the 250-1500 range. This high value was necessary for several reasons,
including: the reduction of wall loading in the cavity, high efficiency, and frequency
stability. Of these, frequency stability is the most important, as the frequency variations
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due to magnetic field and beam voltage fluctuations are inversely proportional to the total
Q factor. Thus, by minimizing voltage fluctuations a greater frequency stability can be
achieved, and the spectrum width, which is broadened by the beam voltage fluctuations,
can be minimized.
3.5.2 Beam velocity spread
The velocity spread of the electron beam, s - A=3/ 1 , is due to several factors,
including: space charge effects at the cathode (largest contributor), thermal effects, and
emitter surface roughness. It is necessary to ensure that the beam velocity spread is
sufficiently small such that the gyrotron operates at a high efficiency. The maximum
value of the velocity spread is determined by the condition that the electrons must have
enough energy to pass into the high magnetic field region in the resonator cavity, or:
Api /013 <(13/13)2 (3.15)
It has been determined that in order to avoid a substantial reduction in efficiency, the
beam spread should not surpass 10-15% [TARANENKO et al., 1974]. This will provide
a useful tool in analyzing the results presented in Chapter Four.
3.5.3 Magnetic compression factor
The value of the magnetic compression factor is determined by both the necessity
of electron beam passing between the cathode and the mod-anode (clearing the mod-
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anode) and the maximum electric field allowable in the cathode. According to SEFTOR
et al. (1979), the first requirement entails that:
Fm > 1.71x10O-3[YI(20J 0.33) ,  (3.16)U
where U is the beam voltage in kilovolts. The second requirement gives the other limit
on the magnetic compression factor:
Fm > 1.16(3 3o) 5/3 . (3.17)
The value of the magnetic compression should be large enough to meet both of these
requirements, but it should not exceed this minimum value significantly as it should be as
small as possible.
3.5.3 Alpha
Alpha is defined as the ratio of the transverse to longitudinal velocity, or:
t = V1 (3.18)
vo
The value of alpha should be maximized as only the transverse energy of the beam is
transfered to the phased microwave field in the resonator cavity and converted into rf
output [BAIRD, 1987]. This will prove helpful in the following chapter when developing
criteria upon which to judge if the gyrotron is truly optimized.
Chapter 4
Optimizing Gyrotron Parameters
As stated in Chapter One, the TFTR 60 GHz collective Thomson scattering
gyrotron apparatus did not perform reliably at the anticipated maximum output power
levels. The rf output power produced by the gyrotron was found to decrease significantly
after a few shot cycles, even after a significant amount of time was spent modifying all
key parameters. The gyrotron also experienced the problems of producing spurious
modes (possibly TE02x modes) and generating a substantial body current as the pulse
length was stretched out to 500 msec. The inadequate maximum power level and the
moding of the gyrotron were substantial problems, and complicated the experimental
measurements.
After numerous experimental attempts at improving the maximum output power
performance were made, it was decided that a more thorough computational analysis of
the low power gyrotron was needed to further understand the intricacies of the
relationship between output rf power and the following parameters: electron gun
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potential difference, superconducting magnet current and position, and electron gun
magnet current and position.
4.1 Gyrotron Modeling
4.1.1 EFFI
It was originally believed that the problematic behavior of the gyrotron was due to
the interaction of the electron beam with the wall of the gyrotron tube. This was a valid
hypothesis, as it explained the large body current that developed as the pulse length of the
gyrotron was extended. To test this theory, it was decided that a simulation code (EFFI)
was needed to model the trajectory of the electron beam. EFFI was useful in that it
mapped the magnetic field lines produced by both the electron gun magnet and the main
superconducting magnet. EFFI was an ideal first choice as it is a fairly simple program
which calculates the magnetic flux lines, fields, forces, and inductance for any given set of
coils of a circular cross section. As the electrons roughly follow the field lines from the
cathode to the output collector, mapping the field lines would give a good first
approximation of where the electrons were going after they leave the cathode. Several
EFFI runs were made with various different currents and positions for both the gun and
superconducting magnets. The output data from EFFI was then used as input to an
AUTOCAD schematic of the gyrotron, which made for a convenient format in which to
view the data (Figures 4-1 and 4-2).
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Figure 4-1: Sample EFFI results
K
EFFI results for electron gun cathode region from Figure 4-1.Figure 4-2:
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4.1.1 EGUN
Although the EFFI runs provided some insight into the trajectory of the electron
beam, they were somewhat inconclusive. The magnetic field lines came close to
contacting the anode boundary, but without knowing to what extent the electron path
deviated from the field line due to gyromotion effects, the results were not of much value.
The next step was to utilize a more complicated code (EGUN) [HERRMANNSFELDT,
1988] which was developed by the SLAC Electron Trajectory Program to compute the
trajectories of charged particles in electrostatic and magnetic fields (including the effects
of space charge and self-magnetic fields). This program begins by solving Poisson's
equation by using finite difference equations and the boundary conditions provided by the
user. The solution is calculated in terms of a set of mesh points of identical squares,
where the potential is determined for each intersection of the mesh. The potential
distribution is differentiated to determine the electric fields. The trajectory equations,
which account for all magnetic and electric field components and are fully relativistic, are
then solved. Several cycles of solving for space charge forces followed by solving
Poisson's equation and the trajectory calculations are computed.
In order to run EGUN, the geometry of the electron gun and gyrotron tube
(section of tube, beam tunnel and resonator cavity) were first entered from an
AUTOCAD drawing into GMESH, a program which creates a mesh for EGUN.
GMESH takes a FORTRAN style namelist input which describes arcs and lines, and from
that generates an EGUN format mesh file. Once this was accomplished, the following
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parameters were entered into an input file: the mod-anode potential, the cathode
potential, the position of both the superconducting and electron gun magnet coils, the
number of turns for both the superconducting and electron gun magnets, and the current
for both the superconducting and gun magnets. The output of this code was in the form
where it could be displayed using EASYPLOT. As can be seen in Figure 4-3, this
provided an important modeling tool, as it gives an excellent view of the trajectory of the
electron beam in the gyrotron tube.
C
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.0.0
Figure 4-3: Sample EGUN output.
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4.2 Optimization
As previously stated, there are many variables which can be altered when trying to
maximize the output rf power. Because there are such a large number of different
operating points for the gyrotron, and that attempting to map out this parameter space
experimentally would take a great deal of time, it was determined that the most expedient
course to follow would be to model the electron beam using gyrotron simulation codes.
Once the modeling was completed, the codes were run to try to find the parameters that
would cause the gyrotron to produce 2 kW of rf power. This allowed for the exploration
of a large number of different possible operating points in a relatively small amount of
time.
As the results obtained from running EGUN were much more informative than
those from EFFI, EGUN was used to try to determine which combination of parameters
optimized gyrotron rf output. Several factors were used to assess the output of the
EGUN code. At first the criteria for a near optimal combination of settings was one in
which both the electron beam which did not come close to interacting with the gyrotron
tube wall and did not have a population of mirroring electrons. This was the case as
several of the first runs had a large population of mirroring electrons, see Figure 4-4,
which would have a significant effect on the beam quality. When only non-mirroring,
non-interacting cases were considered, the two quantities used to assess the quality of the
parameter settings were the beam velocity spread and alpha, the ratio of transverse to
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longitudinal velocity. These two factors were obtained from the output of EGUN, a
sample of which can be seen in Appendix A.
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Figure 4-4: EGUN output, mirroring electrons.
Using these criteria, over 90 EGUN runs were made, each with different
parameter settings, in the attempt to map out the gyrotron operating space and find an
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optimized setting. The results from this extensive search for the optimal gyrotron
parameter settings can be found in Appendix B.
As a result of this search, several things were discovered, the first being that the
gyrotron only produced output power for alpha values greater than 1.4. Additionally, the
electron beam mirrored when electron beam velocity spread exceeded 21% (as can be
seen from Figure 4-5, where alpha v. beam spread is graphed for both mirroring and non-
mirroring cases). This was not surprising considering that the theory presented in
Chapter Three, in which was stated that the velocity spread of the electron beam should
be minimized (< 15%) while alpha should be as large as possible. This narrowed down
the optimal parameter space significantly, but there were many different runs which
provided similar results in terms of a low beam spread with a high alpha value.
Several of the near optimal parameter settings were verified experimentally, and
one was chosen as optimal, EGUN run number 95 (alpha = 1.47, spread = 9.47%):
Cathode voltage -39.0 kV
Mod-anode voltage -28.2 kV
Superconducting magnet position 44.3325 cm from cathode
Superconducting magnet current 31.2 A
Electron gun magnet position 5.5848 cm from cathode
Electron gun magnet current 220 A
Table 4-1: Parameter settings for optimization of gyrotron power.
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Figure 4-5: Alpha v. spread results from -100 EGUN runs.
4.3 Discussion
The modeling of the 60 GHz collective Thomson scattering gyrotron proved
successful in that it provided a great deal of insight into what was happening to the
electron beam trajectory as it progressed through the system. As mentioned in Section 3,
the EFFI modeling results were inconclusive, as the field lines, and therefore the electron
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beam, came close to contacting with the mod-anode, but did not touch it. The EGUN
results were much more interesting, as they provided information on the exact trajectory
of the electrons from the cathode to the resonator cavity. It can be seen in Figure 4-3
that the EGUN results proved that the initial explanation for the low output power (that
the electron beam was hitting the gyrotron tube body) was incorrect. In fact, for most of
the operating space of the gyrotron, the beam did not intersect the boundary of the inner
radius of the tube.
This was worrying, but it led to the development of a new theory to explain the
gyrotron's problems. It was now believed that electrons were mirroring in the tube due to
the lack of sufficient parallel velocity needed to reach the cavity. The initial EGUN runs
did not display this as the mesh only included the space up to the end of the electron gun
(as it was believed that it was in this area where the electron beam would most likely
contact the wall of the gyrotron tube). It was found that a significant population of the
electrons were mirroring before reaching the cavity as mentioned previously.
Once this was discovered, EGUN was run numerous additional times to find an
area in parameter space where the electrons did not mirror. This was accomplished
primarily by moving the superconducting magnet closer to the electron gun, thus giving
the electrons sufficient parallel velocity to avoid being mirrored. The region of parameter
space was then explored further until an operating point was found (the parameter
settings being those in the previous section) where the gyrotron could produce a
maximum output power without mirroring with low values of beam spread and alpha.
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With this accomplished, the settings were verified experimentally, with the gyrotron
indeed putting out a roughly 2 kW of stable power throughout the 80 msec pulse length
without significant moding.
Chapter 5
Low Level Linewidth Measurement
In order to obtain a measurement of the alpha particle velocity distribution
function utilizing the optimized TFTR gyrotron collective Thomson scattering system, it
was necessary determine if the low-level broadband linewidth was in fact less than the
expected scattered signal. Ensuring that the linewidth is sufficiently narrow is of great
concern when conducting a scattering experiment as the minimum measurable frequency
of the plasma fluctuation is dependent upon the spectrum width of the initial scattering
signal. To this end, several measurements of the broad bandwidth signal (>300 MHz) at
low levels (100 dB down from the peak gyrotron signal) were made using the
reconfigured TFTR receiver system. This was done for several different gyrotron
parameter settings, starting with the optimized case. With the gyrotron being pushed to
perform at maximum output power levels, the electron beam produced by the electron
gun was on the verge of mirroring within the gyrotron tube. When the gyrotron was
operating at these near mirroring conditions, the spread of the electron beam was greater
than normal. It should be noted that the spectrum width of the gyrotron is limited by the
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frequency bandwidth due to the beam voltage fluctuations. The mirroring population was
thought to be causing beam voltage fluctuations, thus increasing the spectrum width of
the gyrotron. This was thought to cause an increase in low level broadband linewidth.
5.1 Experimental setup
The collective Thomson scattering apparatus was reconfigured in order to obtain
a low level broadband linewidth measurement, as can be seen in Figure 5-1. In the
modified system, after being mode converted to HEu, a small fraction of the RF power
produced by the gyrotron was reflected off of a Teflon beamsplitter (-24 dB). It then
passed through a HE,, downtaper to WR-15 waveguide. After passing through a seven
foot section of fundamental waveguide the signal was split by a 3 dB coupler, with one
leg going on to the notch filter (the RF branch), while the other passed on to an
attenuator (the LO branch). The signal which went through the attenuator was split using
another 3 dB coupler, with one leg going to a calibrated Baytron V-1 detector diode
(which was used to measure the RF power) and the other going to the input of the
Millitech mixer local oscillator (LO) port (provided a proper bias for the mixer). The
signal present in the Baytron port was measured to be roughly 4.3 dB down from the LO
port signal.
The other portion of the signal from the first coupler was sent to the Gamma-fRF
notch filter, which provided 60 dB of rejection for frequencies in the range of 60.3-60.4
CHAPTER 5. Low Level Linewidth Measurement
GHz. The notch filter was in place to attenuate the main portion of the gyrotron signal,
such that the broadband, low level spectrum could be measured.
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Figure 5-1: Experimental setup for measuring the low level gyrotron linewidth.
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After the notch filter, two variable attenuators were used to further reduce the signal level
and prevent the destruction of the sensitive components in the front end of the receiver
when measurements were made without the notch filter. The signal then passed through
a WR-15 to HE,1 uptaper to the chopper, where it was chopped at a frequency of 1 kHz.
The chopped signal was transitioned back to WR-15 fundamental waveguide by an HE,1
downtaper. After the chopper, the signal passed through a ± 3.0 GHz bandpass filter,
which rejected any signal outside of 57 to 63 GHz region. An isolator was placed after
the bandpass filter to ensure that LO signal did not "leak out" into the front end
waveguide section. The RF signal from the isolator then entered the Millitech mixer,
where it was "mixed" with the LO signal from the second coupler.
The resulting IF signal out of the mixer then entered a bias tee, where a portion of
the signal is sent directly to the first channel of the 6810 digitizers. The 6810 channel one
provided information on the bias level of the local oscillator. The remainder of the signal
was amplified using two Miteq amplifiers, sent through a four way power splitter, and
then mixed with the signal produced by an 8.1 GHz local oscillator. This served to
frequency upshift the signal so that it will be in the frequency range of the filter bank.
The signal then passed through the IF bandpass filter, an 8.1 GHz notch filter, and an
amplifier, and was sent to the filter bank. The filter bank was composed of 32 channels,
each with a bandwidth of 80 MHz from 8.12 to 10.68 GHz.
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5.2 Measurements
In order to measure the linewidth at 100 dB down from the peak power levels, it was first
necessary to set the input signal levels from the RF branch. As the available gyrotron
power was orders of magnitude higher than the receiver sensitivity, the beam was
attenuated such that it would have enough power to bias the mixer, but not damage the
diode mixer or saturate the electronics in the receiver. This was accomplished by first
removing the notch filter and attaching a detector diode before the uptaper to the
chopper. Several shots were taken, and the attenuator levels were set such that a 10
milliwatt signal would be seen at the chopper for an initial gyrotron signal with a peak
power of one kilowatt. After this level was set and determined to be sufficient to make a
measurement, the notch filter was then replaced and the attenuator levels reduced by 3
dB. This knocked down the central gyrotron signal and brought up the additional
channels with measurable signal off the central frequency.
In order to measure the linewidth, the gyrotron parameters were adjusted such
that the output power would be optimized (see Table 5-1, shots 99621-99622). After
several shots were taken at the optimized settings, the gun magnet current was increased
to determine the effects of non-optimal parameter settings on the low level, broadband
linewidth, (shots 99623-99629).
The next step was to calibrate the receiver channels using a liquid nitrogen source.
The liquid nitrogen source was introduced after the variable attenuators on the rf leg, but
before the uptaper to the chopper (see Figure 5-1), and several shots were taken (99632-
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99633). This was repeated utilizing a MA/COM Gunn oscillator diode as a local
oscillator in place of the gyrotron (99630-99631).
Shot Gun Primary Secondary Superconduct High High Pulse
Number Magnet Filament Filament ing Magnet Voltage Voltage Length
Current Voltage Current Current Power Power (milli
(Amps) (Volts) (Amps) (Amps) Supply Supply secs)
R L Voltage Current(kV) (Amps)
99621 200 107 .535 31.2 31.2 39.5 .511 80
99622 200 107 .535 31.2 31.2 39.5 .511 80
99623 205 105.1 .527 31.2 31.2 39.5 .511 80
99624 205 105.1 .527 31.2 31.2 39.5 .511 80
99625 210 105.1 .527 31.2 31.2 39.5 .511 80
99626 210 105.1 .527 31.2 31.2 39.5 .511 80
99627 215 105.1 .527 31.2 31.2 39.5 .511 80
99628 215 105.1 .527 31.2 31.2 39.5 .511 80
99629 215 104.1 .521 31.2 31.2 39.5 .511 80
99632 205 104.1 .521 31.2 31.2 39.5 .511 80
99633 205 104.1 .521 31.2 31.2 39.5 .511 80
Table 5-1: Parameter settings for low level linewidth measurement.
In order to determine the true linewidth levels, the outputs of the filter bank
channels were absolutely and relatively calibrated. This was done by analyzing the
receiver calibration data using a program developed at the Princeton Plasma Physics
Laboratory (PPPL) called yafoffe. Before the data is analyzed in software, the filter
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bank outputs are sent to hard wired integrators prior to fast digitization. The integrators
integrate over a period of 250 microseconds, alternating periods when the chopper is
completely open or closed (a quarter of the total chopper cycle). The transient parts of
the chopped signal, when the chopper blade is not completely closed or completely open
are ignored. The integrator returns an integrated value of the voltage, which serves to
average out the fluctuations in voltage. In software, the difference of the chopper open
and closed values is calculated and the mean value of the difference over the time period
is taken. Yafoffe calculates the mean value of the difference in integrated signal
between the chopper blade and the liquid nitrogen (delta-V) as well as the standard
deviation of that difference for each individual fast digitizer channel. The mean value of
the delta-V's for shot 99632, which utilized the gyrotron as the local oscillator, can be
seen in Figure 5-2. To obtain the calibration constant for each channel, the temperature
difference between liquid nitrogen (770 K) and the chopper blade (measured to be 3370K
by thermocouple measurement placed on the chopper body) was divided by the delta-V's
and multiplied by Boltzman's constant (1.38x10 23 J/K). These values (which convert the
raw voltage levels to Watts/Hertz) were then placed in a calibration file.
With the true levels set, the dynamic range of the measurement could be resolved.
This was done by examining the calibrated signal levels from the filter bank for the
various measurements, which were on average in the 1x10-20 Watts/Hertz region. This
value was multiplied by the bandwidth (80 MHz) times two (as it is a double sideband
homodyne receiver) to give a value in Watts.
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Figure 5-2: Receiver calibration data for shot number 99632.
The difference between the +10 milliwatt signal level measured previously (with the notch
filter removed) and this value is the effective level of the measurement. That is, the +10
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a value of-98 dB. Therefore, the measured linewidth can be said to be 98 dB down from
the peak gyrotron signal.
Another factor had to be taken into account before the true linewidth could be
determined. This was the variation in power produced by the gyrotron over the length of
the pulse for the higher gun magnet settings. In the optimized case (shot 99621), the
gyrotron power was fairly constant over the entire pulse length, as can be seen from the
output of the Baytron diode (Figure 5-3).
On the other hand, the gyrotron power ramped significantly during shot 99629
when the gun magnet current was set at 215 A (Figure 5-4). This difference in power
levels was accounted for by only examining the linewidth over a certain time slice where
the power levels for the different shots were approximately equal. The time period of
4820 to 4850 milliseconds was chosen.
The resulting filter bank linewidth data, calibrated and adjusted for varying power
levels, can be seen in Figures 5-5 to 5-8, (each of the four different gun magnet settings).
The error bars correspond to the standard deviation calculated by yafoffe. The data in
the first three channels of the plots, corresponding to frequencies of 60 MHz, 140 MHz,
and 220 MHz respectively, should be neglected as they are within the bandstop edges of
the 60 GHz notch filter. Thus, the results are only conclusive for the frequency range
from 300 MHz to 2.4 GHz.
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Figure 5-4:
Gyrotron output power for shot 99621. Gun magnet current at 200 A.
10
Gyrotron output power for shot 99629. Gun magnet current setting at
215 A.
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Calibrated linewidth data for gun magnet current at 200 A.
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Calibrated linewidth data for gun magnet current at 205 A.
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Figure 5-7: Calibrated linewidth data for gun magnet current at 200 A.
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Calibrated linewidth data for gun magnet current at 215 A.
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5.3 Discussion
As can be seen from the previous figures, the linewidth measurements for the four
different gun magnet settings are quite similar. That is, all agree within the error bars.
The effect of detuning the gyrotron has little effect on the low level linewidths for these
four cases when the same power level is observed. In fact, when the linewidth is
examined over several different time slices for a shot where the power ramped
significantly over the length of the pulse (i.e. shot 99629) the linewidth changes only
marginally over the 80 msec pulse. This can be seen in Figures 5-9 to 5-11, which
correspond to the following time slices: 4790-4800, 4820-4830, and 4850-4860 msec.
YR-Alpha Scatterins. RDA=99629 PFT=99629 11/03/95 20:56:29
,-I8 WATTS/HZ VS HZ AT T=(H790.00.H880.00) ms101-
10- 19
10 -21
21Figure 5-9:
Figure 5-9: Gyrotron linewidth for a time slice early in the pulse (4790-4800 msec).
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Figure 5-11: Gyrotron linewidth for a time
msec)
slice at the end of the pulse (4850-4860
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5.3.1 Verifying linewidth data
Because these linewidth signals are so small relative to the line center, it is necessary to
thoroughly examine the data in order to determine if the signal was indeed real and not an
instrumental artifact. The first test of authenticity was to compare the raw signal levels
for the gyrotron as the RF source to the liquid nitrogen as the source (for both the
MA/COM Gun oscillator and the gyrotron as the LO). A 10 msec time slice of channel 5
of the LeCroy 6810 was chosen for this purpose, where the results can be seen in Figures
5-12 through 5-14.
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Figure 5-12: Raw voltage level detected by 6810 channel five for shot 99621 (Volts vs.
time) for a 10 msec time slice. Gyrotron used as RF source and local oscillator.
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Figure 5-13: Raw voltage level detected by 6810 channel five for shot 99630 (Volts vs.
time) for a 10 msec time slice. Liquid nitrogen used as source. MA/COM Gun oscillator
used as local oscillator.
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Figure 5-14: Raw voltage level detected by 6810 channel five for shot 99632 (Volts vs.
time) for a 10 msec time slice. Liquid nitrogen as source. Gyrotron used as local
oscillator.
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Upon inspection of the previous figures, a clear square wave can be seen for the case
where the gyrotron was used as the RF source compared to the cases where the liquid
nitrogen was used as a source. This clearly suggests that the signal was indeed real.
The next step was to rule out the possibility that the linewidth measurement is a
mixer artifact. That is, the mixer could be responding differently to varying LO levels
such that it could account for the measured data. To verify that the varying LO levels
were not accounting for the signal, shot 99629 was examined was compared to shot
99630 the receiver calibration shot. When the receiver calibration was made, the signal
level produced by the MA/COM Gun oscillator was set at +13 dBm. At this level, the
mixer was in saturation according to the manufacturer's specifications, which means that
the mixer's response would not be sensitive to the LO signal level. The mixer dc bias
level for the +13 dBm LO source was measured by the LeCroy 6810 channel one to be at
+0.3 Volts, as can be seen in Figure 5-15. This can be compared to the response seen by
the mixer for shot 99629, where the power ramps up during the course of the shot from
0 to 1 kW (see Figure 5-4). The corresponding LO signal detected by the LeCroy 6810
channel one for this shot can be seen in Figure 5-16, where only a slight ramping can be
detected visually. The dc bias level of the mixer is at +0.3 Volts for the later half of the
pulse and does not vary significantly with increasing gyrotron LO power, thus indicating
that the mixer is in saturation over this time region.
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This can be confirmed by comparing the 6810 channel one to the 6810 channel
five for the same shot (99629) over the entire pulse length. Upon examining Figure 5-4,
it can be seen that the forward RF power increases by 25% over the time period from
4820 to 4860 msec. That is, it increases from 20 milliwatts to 25 milliwatts, which
corresponds to an increase in power of 1 dBm. Over the same time period, the signal in
channel five of the 6810 increases only marginally from -2.7 Volts to -2.8 Volts, as can be
seen in Figure 5-17. While the base signal in channel five increases only marginally, the
signal produced by the RF leg is causing fluctuations in the ±0.2 Volt range.
YA-AlPha Scatterins. RDA=99629 PFT=99629 11/03/95 20:56:29
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Figure 5-17: 6810 channel five data for shot 99629.
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Thus, it can be stated that the signal is not an artifact of the mixer. That is, the local
oscillator input signal level is changing in the milliwatt range to produce about 0.1 V
change in the ouput, while the input from the RF leg is changing in the picowatt range
(10-12 Watts) to produce about a 0.2 V change in the output. Therefore, changes in the
LO biasing of the mixer diode can not account for the observed signal.
Chapter 6
Summary
6.1 Conclusions
In order to test the applicability of low power (< 2 kW) collective Thomson
scattering for alpha particle velocity distribution and density measurements on TFTR, a
gyrotron scattering system was designed and implemented during the D-T operating
phase. As previously stated, the gyrotron did not perform reliably at the anticipated
maximum output power levels. In order to understand and resolve the problematic
behavior of the gyrotron, many issues regarding the modeling and optimization of the
TFTR 60 GHz gyrotron system have been presented in this study. A detailed description
of the TFTR gyrotron apparatus was given which included the gyrotron system, the
transmission system, and the receiver system. Next, a discussion of gyrotron theory was
presented which included the role of the different components in the gyrotron system, the
physics of the rf emission mechanism, and a definition of several key design and operating
factors.
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With the previous information given, the gyrotron was modeled using two
gyrotron simulation codes, EFFI and EGUN. These codes were used to conduct a
thorough computational analysis of the low power gyrotron to further understand the
intricacies of the relationship between output rf power and the following parameters:
electron gun potential difference, superconducting magnet current and position, and
electron gun magnet current and position. The model developed was then used to
optimize the gyrotron in terms of reliable rf output power and the settings were
presented.
Finally, a measurement of the optimized gyrotron's low level broadband
wavelength was made (with the goal of assessing if the linewidth was in fact sufficiently
narrow to make a measurement of the alpha particle velocity distribution function) and
the results presented and verified.
6.1.1 Modeling and optimization
The modeling of the 60 GHz collective Thomson scattering gyrotron proved
successful in that it provided a great deal of insight into what was happening to the
electron beam trajectory as it progressed through the system. The use of EGUN
provided the necessary information to determine that the electron beam was not
contacting the wall of the gyrotron tube. Additionally, it showed that the electron beam
was experiencing mirroring for many different possible parameter settings. This was a
possible explanation for the ramping of the rf power over the course of the pulse length
and the spurious modes produced by the gyrotron.
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EGUN was then used to find parameter settings for which the electron beam did
not mirror, the beam velocity spread was less than 15%, and the ratio of the transverse to
longitudinal velocity was maximimum. Out of the nearly 100 EGUN runs executed,
several different cases produced results which could be acceptable, but run 95 was
deemed the optimal as it had a beam spread of 9.47% and an alpha of 1.47. The settings
were verified experimentally, with the gyrotron putting out roughly 2 kW of stable rf
power.
6.1.1 Low level linewidth measurement
With the gyrotron parameters set such that the rf output power would be
optimized, the first low level broadband linewidth measurements were made on a
gyrotron of this type. The measurement suggested that there is indeed a definite
broadband signal 100 dB down from the peak gyrotron signal level. The signal was
verified by examining the raw data and showing that it was not an instrumental artifact.
This has serious implications for the TFTR scattering system, and scattering
experiments in general. For scattered signal levels less than 100 dB below the incident
gyrotron power levels, as in the present alpha-particle diagnostic case, there has to be
additional rejection in the system between the gyrotron and the receiver in order to get
this broadband linewidth below the scattered signal level. The rejection of the 60 dB
notch filter does not contribute, as the rejection must be broadband. The rejection in the
vacuum vessel was determined experimentally to be roughly 40 to 50 dB. This was done
by examining the stray light levels for a input source level of 200 Watts. The stray light
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level was found to be 10 milliwatts for the given input level. This suggests that the
scattered signal levels are on the same level of the broadband linewidth.
Although this is a significant result for the TFTR system, this problem is easily
solved by installing a beam dump which will add additional rejection to the incoming
signal.
6.2 Future directions
Presently, gyrotron collective Thomson scattering experiments have been installed
at TFTR and JET to diagnose alpha particles. The need for scattering data is urgent due
to the pressing need to understand the physics of the alpha particles. In the case of
TFTR, in order to obtain definitive results, a further increase in power would be advised,
to approximately 10 kW. This, combined with additional rejection in the vacuum vessel,
will bring the signal levels above the noise and the broadband linewidth levels.
Appendix A
Sample EGUN Output
EGUN RESULTS
CURRENT
ITERATION (A)
PERVEANCE
(micropervs)
Emittance= 2670.00 pi-mm-mr
Normalized emittance= 1090.00 pi-mm-mr
FINAL ITERATION
BEAM DATA AT CATHODE SURFACE
RAY RADIUS Z-POS ENERGY gamma current per ray betaz betat
(mm) (mm) (kV) (A) (A)
8.22
8.28
8.33
8.39
8.44
8.50
8.55
8.60
8.66
8.71
8.77
8.82
8.88
8.93
8.98
9.04
9.09
15.3
15.2
15.1
15.0
14.9
14.7
14.6
14.5
14.4
14.3
14.2
14.0
13.9
13.8
13.7
13.6
13.5
0.0038
0.0038
0.0038
0.0038
0.0038
0.0038
0.0038
0.0038
0.0038
0.0038
0.0038
0.0038
0.0038
0.0038
0.0038
0.0038
0.0038
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.0133
0.0266
0.0401
0.0536
0.0673
0.0810
0.0948
0.1087
0.1227
0.1367
0.1509
0.1651
0.1795
0.1939
0.2084
0.2230
0.2377
0.0133 0.0016 0.0035
0.0134 0.0016 0.0035
0.0135 0.0016 0.0035
0.0135 0.0016 0.0035
0.0136 0.0016 0.0035
0.0137 0.0016 0.0035
0.0138 0.0016 0.0035
0.0139 0.0016 0.0035
0.0140 0.0016 0.0035
0.0141 0.0016 0.0035
0.0142 0.0016 0.0035
0.0142 0.0016 0.0035
0.0143 0.0016 0.0035
0.0144 0.0016 0.0035
0.0145 0.0016 0.0035
0.0146 0.0016 0.0035
0.0147 0.0016 0.0035
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9.15
9.20
9.26
9.31
9.36
9.42
9.47
9.53
9.58
9.64
9.69
9.74
9.80
9.85
9.91
9.96
10.02
13.3
13.2
13.1
13.0
12.9
12.8
12.6
12.5
12.4
12.3
12.2
12.1
11.9
11.8
11.7
11.6
11.5
0.0038
0.0038
0.0038
0.0038
0.0038
0.0038
0.0038
0.0038
0.0038
0.0038
0.0038
0.0038
0.0038
0.0038
0.0038
0.0038
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.0038 1.0000
FINAL ITERATION
BEAM DATA AT END OF AXIS
RAY RADIUS Z-POS ENERGY
(mm) (mm) (kV)
2.28
2.25
1.99
1.95
2.19
2.37
2.38
2.39
2.42
2.41
2.27
1.99
2.46
2.02
2.20
2.50
2.14
2.06
2.50
2.07
558.8
558.8
558.8
558.8
558.8
558.8
558.8
558.8
558.8
558.8
558.8
558.8
558.8
558.8
558.8
558.8
558.8
558.8
558.8
558.8
40.8743
40.8734
40.8715
40.8689
40.8714
40.8752
40.8763
40.8784
40.8798
40.8821
40.8724
40.8675
40.8819
40.8661
40.8699
40.8788
40.8682
40.8651
40.8727
40.8652
0.2524
0.2673
0.2822
0.2973
0.3124
0.3276
0.3429
0.3583
0.3738
0.3893
0.4050
0.4207
0.4365
0.4524
0.4684
0.4845
0.5007
gamnma
0.0148 0.0016 0.0035
0.0149 0.0016 0.0035
0.0149 0.0016 0.0035
0.0150 0.0016 0.0035
0.0151 0.0016 0.0035
0.0152 0.0016 0.0035
0.0153 0.0016 0.0035
0.0154 0.0016 0.0035
0.0155 0.0016 0.0035
0.0156 0.0016 0.0035
0.0156 0.0016 0.0035
0.0157 0.0016 0.0035
0.0158 0.0016 0.0035
0.0159 0.0016 0.0035
0.0160 0.0016 0.0035
0.0161 0.0016 0.0035
0.0162 0.0016 0.0035
current per ray betaz betat
(A) (A)
1.0800
1.0800
1.0800
1.0800
1.0800
1.0800
1.0800
1.0800
1.0800
1.0800
1.0800
1.0800
1.0800
1.0800
1.0800
1.0800
1.0800
1.0800
1.0800
1.0800
0.0133
0.0266
0.0401
0.0536
0.0673
0.0810
0.0948
0.1087
0.1227
0.1367
0.1509
0.1651
0.1795
0.1939
0.2084
0.2230
0.2377
0.2524
0.2673
0.2822
0.0133
0.0134
0.0135
0.0135
0.0136
0.0137
0.0138
0.0139
0.0140
0.0141
0.0142
0.0142
0.0143
0.0144
0.0145
0.0146
0.0147
0.0148
0.0149
0.0149
0.2930
0.2916
0.2885
0.2827
0.2790
0.2773
0.2755
0.2733
0.2704
0.2669
0.2635
0.2640
0.2610
0.2608
0.2566
0.2567
0.2538
0.2553
0.2553
0.2531
0.2384
0.2401
0.2437
0.2504
0.2546
0.2564
0.2583
0.2607
0.2637
0.2673
0.2706
0.2700
0.2730
0.2731
0.2771
0.2771
0.2797
0.2783
0.2783
0.2803
----------------------------------------------------------------
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21 2.49 558.8 40.8729 1.0800 0.2973 0.01500.25140.2819
22 2.57 558.8 40.8758 1.0800 0.3124 0.01510.25200.2813
23 2.52 558.8 40.8734 1.0800 0.3276 0.01520.2513 0.2819
24 2.21 558.8 40.8657 1.0800 0.3429 0.01530.25170.2815
25 2.36 558.8 40.8694 1.0800 0.3583 0.01540.25590.2777
26 2.42 558.8 40.8715 1.0800 0.3738 0.0155 0.2520 0.2813
27 2.65 558.8 40.8768 1.0800 0.3893 0.0156 0.2556 0.2781
28 2.33 558.8 40.8684 1.0800 0.4050 0.01560.25770.2761
29 2.39 558.8 40.8677 1.0800 0.4207 0.01570.2553 0.2783
30 2.30 558.8 40.8688 1.0800 0.4365 0.0158 0.2569 0.2768
31 2.21 558.8 40.8692 1.0800 0.4524 0.01590.25990.2740
32 2.42 558.8 40.8749 1.0800 0.4684 0.01600.26360.2705
33 2.66 558.8 40.8808 1.0800 0.4845 0.0161 0.2643 0.2698
34 2.47 558.8 40.8735 1.0800 0.5007 0.01620.2621 0.2719
FINAL ITERATION
BEAM DATA AT END OF AXIS
RAY RADIUS Z-POS ENERGY gamma current per ray betaz betat
(mm) (mm) (kV) (A) (A)
1 2.28 0.0 40.8743 1.0800 0.0133 0.0133 0.2930 0.2384
2 2.25 0.0 40.8734 1.0800 0.0266 0.0134 0.2916 0.2401
3 1.99 0.0 40.8715 1.0800 0.0401 0.0135 0.2885 0.2437
4 1.95 0.0 40.8689 1.0800 0.0536 0.0135 0.2827 0.2504
5 2.19 0.0 40.8714 1.0800 0.0673 0.0136 0.2790 0.2546
6 2.37 0.0 40.8752 1.0800 0.0810 0.0137 0.2773 0.2564
7 2.38 0.0 40.8763 1.0800 0.0948 0.0138 0.2755 0.2583
8 2.39 0.0 40.8784 1.0800 0.1087 0.0139 0.2733 0.2607
9 2.42 0.0 40.8798 1.0800 0.1227 0.01400.27040.2637
10 2.41 0.0 40.8821 1.0800 0.1367 0.0141 0.26690.2673
11 2.27 0.0 40.8724 1.0800 0.1509 0.0142 0.26350.2706
12 1.99 0.0 40.8675 1.0800 0.1651 0.01420.26400.2700
13 2.46 0.0 40.8819 1.0800 0.1795 0.0143 0.2610 0.2730
14 2.02 0.0 40.8661 1.0800 0.1939 0.01440.26080.2731
15 2.20 0.0 40.8699 1.0800 0.2084 0.0145 0.2566 0.2771
16 2.50 0.0 40.8788 1.0800 0.2230 0.01460.25670.2771
17 2.14 0.0 40.8682 1.0800 0.2377 0.01470.2538 0.2797
18 2.06 0.0 40.8651 1.0800 0.2524 0.0148 0.2553 0.2783
19 2.50 0.0 40.8727 1.0800 0.2673 0.01490.2553 0.2783
20 2.07 0.0 40.8652 1.0800 0.2822 0.01490.2531 0.2803
21 2.49 0.0 40.8729 1.0800 0.2973 0.01500.25140.2819
22 2.57 0.0 40.8758 1.0800 0.3124 0.0151 0.25200.2813
23 2.52 0.0 40.8734 1.0800 0.3276 0.01520.2513 0.2819
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2.21
2.36
2.42
2.65
2.33
2.39
2.30
2.21
2.42
2.66
2.47
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
40.8657
40.8694
40.8715
40.8768
40.8684
40.8677
40.8688
40.8692
40.8749
40.8808
40.8735
1.0800
1.0800
1.0800
1.0800
1.0800
1.0800
1.0800
1.0800
1.0800
1.0800
1.0800
0.3429
0.3583
0.3738
0.3893
0.4050
0.4207
0.4365
0.4524
0.4684
0.4845
0.5007
At end of beam:
<gamma> = 1.0800 = 40.8726 kV
gamma diff.: 1.0800- 1.0800 = 0.0000
Voltage diff:. 40.88 kV - 40.87 kV=
<radius>= 2.323 mm
<pz> = 0.2843
<betaz> = 0.2632
<betat> = 0.2703
<betat>/<betaz> = <alpha> = 1.0268
<betat/betaz> = <alpha> = 1.0306
sigpz = 0.01250
sigpz/<pz> = 4.396%
= 0.00%
0.02 kV = 0.04%
0.0153
0.0154
0.0155
0.0156
0.0156
0.0157
0.0158
0.0159
0.0160
0.0161
0.0162
0.2517
0.2559
0.2520
0.2556
0.2577
0.2553
0.2569
0.2599
0.2636
0.2643
0.2621
0.2815
0.2777
0.2813
0.2781
0.2761
0.2783
0.2768
0.2740
0.2705
0.2698
0.2719
Appendix B
EGUN Results
The following are the results from 95 runs of the electron beam modeling code
EGUN. The RF power was measured experimentally for the corresponding parameter
settings. Those parameter settings which were not tested experimentally for rf power
levels have a (n/a) in the rf column. The counts can be converted into rf by examining the
calibration data for the Baytron diode. 350 counts corresponds to roughly 2 kW of rf
power.
Run SC1 SC2 Gun Cath. Anode Gun Spread Alpha Mirror RF
Num (A) (A) Mag. Volt. Volt. Magn. (counts)
ber Curr (V) (V) Pos.
(A) (cm)
23 30.8 32.2 170 57 17.7 6.6175 17.5 1.09 No n/a
24 30.8 32.2 170 57 15.7 6.6175 9.69 0.85 No n/a
25 30.8 32.2 170 57 13.7 6.6175 10.8 0.72 No n/a
26 30.8 32.2 170 47 14.6 6.6175 20.9 0.89 Yes-2 n/a
27 30.8 32.2 170 47 12.9 6.6175 28.6 1.02 Yes n/a
28 30.8 32.2 170 47 11.3 6.6175 26.9 1.12 Yes n/a
29 30.8 32.2 170 36 11.7 6.6175 43.3 3.35 Yes n/a
30 30.8 32.2 170 36 9.90 6.6175 28.8 1.27 Yes n/a
31 30.8 32.2 170 36 8.70 6.6175 3.84 0.98 No n/a
32 30.8 32.2 160 36 8.70 6.6175 8.90 1.33 No n/a
33 30.8 32.2 180 36 8.70 6.6175 2.10 0.75 No n/a
34 30.8 32.2 150 36 8.70 6.6175 28.2 1.32 Yes n/a
-- -- - , - - - -- - -J
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35 30.8 32.2 160 36 10.0 6.6175 39.2 2.28 Yes n/a
36 31.2 31.2 170 40 9.60 6.6175 20.5 1.66 No n/a
37 31.2 31.2 170 40 11.0 6.6175 31.1 1.50 Yes n/a
38 31.2 31.2 170 40 12.4 6.6175 32.2 1.19 Yes n/a
39 31.2 31.2 170 50 12.1 6.6175 21.0 0.98 Yes-1 n/a
40 31.2 31.2 170 50 13.8 6.6175 18.0 0.88 No n/a
41 31.2 31.2 170 50 15.5 6.6175 13.8 0.89 No n/a
42 31.2 31.2 170 60 14.5 6.6175 6.86 0.76 No n/a
43 31.2 31.2 170 60 16.5 6.6175 14.3 1.02 No n/a
44 31.2 31.2 170 60 18.6 6.6175 21.2 1.06 Yes-3 n/a
45 31.2 31.2 170 70 16.9 6.6175 23.6 1.27 No n/a
46 31.2 31.2 170 70 19.3 6.6175 21.4 0.90 Yes-2 n/a
47 31.2 31.2 170 70 21.7 6.6175 13.1 0.85 No n/a
48 31.1 31.1 165 39 10.8 6.6175 37.7 1.53 Yes 300-350
49 31.0 31.0 165 39 10.8 6.6175 34.5 38.7 Yes n/a
50 31.0 31.2 165 39 10.8 6.6175 35.6 2.05 Yes n/a
51 30.9 31.2 165 39 10.8 6.6175 32.5 1.92 Yes n/a
52 30.8 31.2 165 39 10.8 6.6175 41.2 2.53 Yes n/a
53 31.1 31.1 170 39 10.8 6.6175 38.8 3.50 Yes 250
54 31.1 31.1 175 39 10.8 6.6175 33.43 1.81 Yes 200-210
55 31.3 31.3 175 39 10.8 6.6175 38.35 2.03 Yes n/a
56 31.1 31.1 185 41 11.3 6.6175 38.6 1.81 Yes n/a
57 31.1 31.1 185 41 11.3 7.6175 32.9 1.70 Yes n/a
58 31.1 31.1 185 41 11.3 8.6175 26.9 1.11 Yes n/a
59 31.1 31.1 185 41 11.3 5.6175 17.5 1.67 No 40
60 31.1 31.1 185 41 11.3 4.6175 5.05 1.11 No n/a
61 31.1 31.1 180 41 11.3 5.6175 30.0 1.34 Yes 100-150
62 31.1 31.1 175 41 11.3 5.6175 25.9 1.32 Yes 210
63 31.1 31.1 170 41 11.3 5.6175 26.3 1.37 Yes 300-250
64 31.1 31.1 180 41.5 11.44 5.6175 30.6 1.59 Yes 150-200
65 31.1 31.1 180 40.5 11.17 5.6175 28.8 1.72 Yes-1 100
66 31.1 31.1 165 40.5 11.17 5.6175 38.0 2.21 Yes 350-280
67 31.1 31.1 165 39.5 10.9 5.6175 35.7 1.86 Yes 200-300
68 31.1 31.1 160 39.5 10.9 5.6175 35.5 1.56 Yes 350
69 31.1 31.1 155 39.5 10.9 5.6175 39.3 2.18 Yes 400-200
70 31.1 31.1 180 39.5 10.9 5.6175 16.1 1.63 No 100
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71 31.1 31.1 180 41 11.3 4.6175 8.26 1.30 No n/a
72 31.1 31.1 180 50 13.8 4.6175 25.9 1.15 Yes-3 n/a
73 31.1 31.1 180 60 16.6 4.6175 13.6 .745 No n/a
74 31.1 31.1 180 70 19.3 4.6175 6.96 .825 No n/a
75 31.1 31.1 170 41 11.3 4.6175 20.1 1.73 No n/a
76 31.1 31.1 165 41 11.3 4.6175 28.5 1.35 Yes n/a
77 31.1 31.1 190 41 11.3 4.6175 3.59 .949 No n/a
78 31.1 31.1 195 41 11.3 4.6175 2.32 .815 No n/a
79 31.1 31.1 180 41 9.90 5.6175 4.39 1.03 No n/a
80 31.1 31.1 200 41 11.3 5.6175 4.82 1.07 No n/a
81 31.2 31.2 220 39.5 12.3 6.6175 33.5 1.49 Yes n/a
82 31.1 31.1 195 42 13 5.6175 40.1 2.45 Yes 150-200
83 31.1 31.1 200 42 13 5.6175 25.8 1.33 Yes 100
84 31.1 31.1 200 44 12.1 5.6175 13.4 1.47 No 100
85 31.0 31.0 205 44.5 12.3 5.6175 11.3 1.40 No 0
86 31.0 31.0 200 44.5 12.3 5.6175 17.2 1.59 No 50
87 31.4 31.4 200 44.5 12.3 5.6175 15.0 1.53 No 200
88 31.3 31.3 200 44.5 12.3 5.6175 15.2 1.55 No 200
89 31.1 31.1 200 44.5 12.3 5.6175 16.5 1.58 No 100
90 31.1 31.1 205 45 12.4 5.6175 12.6 1.44 No n/a
91 31.2 31.2 210 39 10.8 5.5848 6.06 1.22 No 0
92* 31.2 31.2 210 39 10.8 5.5848 32.7 2.57 No 200
93** 31.2 31.2 220 39 10.8 8.1248 31.0 1.22 Yes 0
94* 31.2 31.2 220 39 10.8 6.5848 43.6 1.79 Yes 200
95* 31.2 31.2 220 39 10.8 5.5848 9.47 1.47 No 300
Table 4-2: EGUN simulation results for changes in different parameters.
*: Superconducting magnet moved towards gun magnet by a distance of 0.5", **
superconducting magnet moved towards gun magnet by a distance of 1.0"
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